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Abstract 
The wid e l y held conception of cytoplasm as 
a concentrated solution of dissolved proteins 
and other macromolecules, metabolites and 
inorganic ions, within which the various 
organelles and other formed elements are 
suspended appears to be a g ross over-
simplification. Evidence to be reviewed briefly 
here, from a wide variety of experiments and 
cell types, indicates that a much more extensive 
organization exists, in animal cell cytoplasm at 
least. Results from experiments on dextran 
sulfate permeabilized L-929 cells will be 
presented which support that organized paradigm. 
It seems likely that this intracellular 
architecture also exerts a strong influ ence on 
the water in the regions adjacent to it, 
resulting in the generation of altered aqueous 
phase physical properties compared to those of 
ordinary aqueous solutions. This analysis 
suggests consequences of far reaching importan ce 
to our understanding of cell structure and 
function. 
Key Words: Cytoplasmic organization; 
intracellular water; high voltage electron 
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It is difficult to assess current thought 
about the nature of the aqueous volume located 
b etwe en the various organelles and other 
structures found in animal cell cytoplasm. For 
conve nience, I will refer to that volume as the 
"aqueous cytoplasm", although most would use the 
term "cytosol". Some seem to think of the 
latter as a very concentrated solution within 
which the various dissolved solutes 
(macromolecules, metabolites, inorganic ions) 
undergo three dimensional diffusion . It is my 
impression that, if there is a "majority view" 
at pres e nt, most students of the animal cell 
operate on that basis. How did that conceptio n 
arise, a nd what is the supporting ev id ence? I 
will consider those questions later , but I 
suggest now that the answers are important 
becau se they bear directly on t he bro a d issue of 
the origin, inheritance and function of cell 
architecture. In addition, since a large 
proportion of the enzymes of intermediary 
metabolism have been assigned to the aqueous 
cytoplasm, considerations of metabolic 
organization and regulation will also depend 
upon detailed knowledge of the aqueous 
compartments. It would seem that the d esig n and 
interpretation of studies on the physical 
properties of the aqueous phases of cells will 
be influenced by the particular position we 
adopt about intracellular organization, a point 
I will consider toward the end of this paper. 
It would seem appropriate to begin with a very 
brief look at a few features of the historical 
development of thought on the aqueous cytoplasm . 
Some Historical Perspective s 
on the Aqueous Cytoplasm 
It is not at all surprising that as the 
resolution of methods used to study cytoplasm 
increased, more and more structure was revealed. 
As a result, the disposition of the aqueous 
cytop lasm came to assume a smaller and smaller 
fraction of the total cell volume as our ability 
to probe its structure increased . Fortunately, 
Porter (1984) has recently reviewed the history 
of this subject and his analysis makes clear the 
point that 19th century cytologists, and those 
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working in the early period of this century, 
generally considered the aqueous cytoplasm to be 
very highly organized, almost totally so--but 
that was to change. 
I believe that the advent of modern 
biochemistry at the turn of this century played 
a major role in the development of subsequent 
thought on the subject. A landmark was the well 
known discovery of Buchner (about 1900) that the 
juice squeezed from yeast cells would ferment 
glucose in the test tube . One can consider his 
work as the first cell fractionation study: it 
gave birth to the idea of "soluble" enzymes, and 
resulted in an increased attention to 
reductionist approaches to the study of cells . 
While those tactics have been enormously 
successful in isolating, describing and 
understanding various macromolecules and 
organelles in vitro they presented considerable 
ambiguity in terms of the study of aqueous 
cytoplasm and its constituents. That ambiguity 
remains a problem: to what extent are the 
macromolecules (and micromolecules for that 
matter) that are released into the medium by 
disruption of the plasma membrane actually in 
free solution when in the intact cell? 
Of course, the contemporary biochemist 
recognizes all these uncertainties. 
Nevertheless, I believe it is fair to say that 
the in vitro cytosol is still widely believed to 
be an approximation of the in vivo aqueous 
cytoplasm. (In this regard it is worth 
stressing that the term "cytosol" was defined 
and used strictly in an in vitro context (Lardy, 
1965)] . However, it gradually came to be 
applied to the intact cell as well . When that 
Herculean extrapolation was generally accepted 
the idea that the aqueous cytoplasm was a 
crowded chaotic solution became an unstated 
assumption. 
Another important development was the 
application of transmission electron microscopy 
to ultra-thin sections of cells beginning in the 
early 1940s (Porter, 1984). The images obtained 
revealed substantial regions of the cytoplasm 
without detectable structure. It is easy to 
understand how these regions came to be 
identified with the "cytosol", perhaps not in so 
many words, but certainly in the conceptual 
framework within which many experiments are 
designed and interpreted. 
In summary to this section we may propose 
that the most commonly adopted view of the 
aqueous cytoplasm is one in which 75% or so of 
its volume consists of a well mixed and 
concentrated solution within which the dissolved 
solutes exhibit random thermal motion and obey 
other laws of solution chemistry. In the next 
section reason will be provided to abandon that 
very useful but, in my opinion, incorrect and 
misleading paradigm which I will refer to as the 
"solution" description of the aqueous cytoplasm. 
The Aqueous Cytoplasm is Not a Crowded Solution 
I have previously considered the 
substantial body of evidence that justifies the 
heading of this section (Clegg, 1984; 1987a-d) 
and will not repeat those efforts here. Suffice 
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it to say that this conclusion is derived from 
studies on a wide variety of cell types, using 
diverse methodology, which show that a 
relatively small proportion of the total 
cytoplasmic protein undergoes random thermal 
motion over the time period of the measurement . 
A small sampling of this work includes the use 
of the intracellular reference phase technique 
(see Horowitz and Miller, 1984) to detect the 
diffusion of native proteins (see Paine, 1984; 
Fulton, 1982; Dabauvalle & Franke, 1986) and 
fluorescence recovery after photobleaching to 
evaluate the motion of injected proteins (see 
Wojcieszyn et al. 1981; Jacobson & Wojcieszyn 
1984). Similar work on the motion of spin label 
probes by electron spin resonance in cells whose 
volume has been markedly reduced is also most 
readily interpreted as reflecting a relatively 
low concentration of macromolecules in the 
aqueous cytoplasm (see Mastro & Hurley, 1987). 
Less direct, but I think reasonably persuasive 
evidence comes from the rates of efflux of total 
proteins (Schliwa et al. 1981) and a variety of 
enzymes (Knull, 1987) from detergent opened 
cells, and from metabolic studies on osmotically 
perturbed cells (see Mansell and Clegg, 1983; 
Clegg, 1984 and 1987a). We should add to these 
observations the results of extensive studies 
from two Australian laboratories which show that 
most glycolytic enzymes (classically "soluble" 
ones) are associated with F-actin and other 
cytoskeletal elements in intact cells (see 
Masters, 1984; Clarke et al. 1985) 
In sampling this recent evidence we should 
not totally neglect earlier work. Almost 20 
years ago Kempner & Miller (1968a,b) 
demonstrated that no macromolecules of any kind 
we re detected in the aqueous zone of Euglena 
cells stratified by high speed centrifugation. 
Their work also included an examination of 19 
enzymes (most being of the "soluble" category). 
All of these were associated with the 
ultrastructure and not the soluble zone of 
intact cells, but they were readily released 
into the high speed supernatant, the cytosol 
upon cell disruption. Their work makes clear 
the fact that the "cytosol" is not to be equated 
with the aqueous cytoplasm. In fact the 47 year 
old work of Kopac and Chambers (see Chambers, 
1940) who studied the behavior of microinjected 
oil droplets in echinoderm eggs, told us we 
should not expect to find the aqueous cytoplasm 
crowded with freely diffusing proteins (for 
discussion see Clegg, 1987a,d). 
Even some of the small solutes of cells 
appear to be associated, at least in part, with 
the architecture of the cytoplasm, and nucleus 
for that matter. For example, Srivastava and 
Bernhard (1986a,b) have proposed on good grounas 
that the metabolic intermediates of the 
glycolytic pathway are virtually all enzyme 
bound and are "channelled" between enzymes 
instead of reaching them by free diffusion. 
Many of the "free" amino acids in cells appear 
not be be totally free, but seem to exist in 
"bound and free" fractions (see Wheatley et al. 
1986). A similar circumstance seems to exist 
for monovalent cations (see Negendank, 1982; 
Edelmann, 1986; Ling, 1984; Kellermayer et al. 
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1986) and chloride ion (Cameron et al . 1986) 
(All five authors are also represented in the 
present volume.) 
If it is agreed that the aqueous cytoplasm 
is not accurately described by the "solution" 
paradigm, the question arises as to the 
locations in intact cells of "soluble" 
macromolecules released by cell disruption. We 
do not yet know the detailed answer to that 
question. However, the work of Schliwa et al. 
(1981), Morton et al. 1982; Masters (1984), 
Knull (1987), Clarke et al. (1985) and reviews 
by Stossel et al. (1985) and Pollard and Cooper 
(1986) provide good reason to think that F-actin 
is a major scaffold upon which cells "hang" many 
of their enzymes. Although there certainly are 
a number of other candidates for that assignment 
(Steinert & Parry, 1985; Olmstead, 1986). I 
b~lieve that the microtrabecular lattice (MTL) 
proposed by Porter provides us with a visual 
reflection of what these (and other) 
associations involved in cytoplasmic 
organization might be like. 
The Microtrabecular Lattice (MTL) 
Professor Porter has generously provided me 
with a few samples of his work that can be 
viewed as I discuss its relationship to the 
subject of the present paper (Figure 1). 
Beginning in the mid 1970s Porter and his 
associates described images obtained from whole 
cells in culture by use of high voltage electron 
microscopy (HVEM). Access to these publications 
ca n be found in recent reviews (Porter et al. 
1983; Porter, 1987). The principal observations 
in the context of the pres e nt paper are (1) that 
the MTL makes contact with and encompasses 
practically all of the cytoplasmic architecture, 
and (2) that the intervening volume, the aqueous 
cyto plasm, is very dilute with respect to 
macromolecules. 
It appears to be certain that at least some 
of the MTL is composed of F-actin associated 
with other macromolecules, including those 
released by cell disruption. The dimensions of 
the MTL are in accord with that interpretation 
(Gershon et al. 1985) as are the observations of 
protein release and HVEM on detergent opened 
cells by Schliwa et al. (1981), and the 
structure and metabolism of osmotically 
perturbed cells (see Clegg, 1984; Porter, 1987). 
We may conclude that the HVEM images obtained by 
Porter and colleagues are in accord with the 
extensive and completely independent studies 
described here, and elsewhere (Bharghava, 1985; 
Welch and Clegg, 1987). 
In spite of this agreement it must be 
recognized that the MTL is considered by some to 
be an artifact of the preparative method (see 
Kondo, 1984, 1985; Bridgeman & Reese, 1984). 
It is difficult to know how widespread that 
opinion is a mongst the biological community . 
Those criticisms are reasonable because of the 
high probability of occurrence of such artifacts 
in electron microscopy. Wolosewick and Porter 
(1979) and Porter and Anderson (1982) have, in 
my judgement, evaluated most of the potential 
artifacts and concluded correctly that the MTL 
does indeed occur in living ce l ls. One of the 
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principal criticisms is that "soluble" proteins, 
and perhaps other macromolecules, are non-
specifically deposited on cytoskeletal elements 
and other cell structures during preparative 
procedures; alternatively, these procedures are 
considered to lead to the formation of a gel 
from "soluble" proteins (Kondo, 1984). It is 
clear that the critics adopt, a priori, a 
position for the existence in cells of large 
concentrations of "soluble" proteins, a 
situation we believe is not warranted in view of 
available evidence on the subject . 
In summing up this section I believe the 
evidence supports the reality of the MTL in 
cells and indicates that part of its structur e 
and role concerns the association and function 
of the enzymes of intermediary metabolism, and 
other macromolecules, previously believed to be 
freely dissolved in the aqueous cytoplasm. We 
are left, then, with an aqueous cytoplasm that 
appears to be exceedingly dilute and apparently 
quite unexciting: I will re-examine that 
possibility toward the end of this paper . 
Before doing so I will present some of our work 
on permeabilized cells. While it hardly seems 
necessary, to some of us at least, to add 
further to the evidence against the "solution" 
paradigm, it is also recognized that the burden 
of proof rests upon t hose who would change 
"conventional wisdom" about "soluble" 
macromolecules, and that view still seems to 
prevail. 
Studies on Permeabilized L-929 Cells 
We have been u s ing this fibroblast-like cell 
line from mice to explore a variety of matters 
relating to the aqueous cytoplasm (Mansell and 
Clegg, 1983; Clegg, 1984; 1986; 1987a-d ; Clegg & 
Gordon, 1985; Clegg et al. 1986). Those papers 
can be consulted for general culture and routine 
procedures. 
Although a variety of permeabilizing 
met hods are available, the one developed by 
Kucera and Paulus (1982) seems particularly 
useful because it is reported to be reversible. 
The method involves the use of high molecular 
weight dextran sulfate (DS) at low temperature, 
followed by removal of the DS before incubation 
at 37°c. While we have found it to be rather 
tricky, and not always easy to obtain the same 
results from day to day, the virtue of its 
reversibility is considerable when one wishes to 
explore the aqueous cytoplasm. 
We have examined a variety of buffers in 
which to incubate dextran sulfate permeabilized 
(DSP) cells. Although not entirely satisfied we 
have enjoyed the best results from studies on 
carbohydrate metabolism using the following 
solution (buffer-K): in final mM concentrations, 
the ingredients are sucrose 100, HEPES 45, 
potassium acetate 40, potassium chloride 40, 
magnesium sulfate 5, sodium dihydrogen phosphate 
5, usually adjusted to pH 7.4 with concentrated 
KOH. Initial studies on glycolysis and 
respiration showed that optimal rates required 
the addition of 1 mM NAO+, 2 mM ATP, and 5 mM 
glucose. 
Table 1 shows an incorporation profile of 
14 c-U-glucose metabolism by DSP cells and 
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Table 1~ 14 c-U-Glucose Metabolism by Control 
and Dextran Sulfate Permeabilized (DSP) L-929 Cells. 
nmoleg 
converted L'.10 
Product Controls ! 
CO2 1. 57 49 
Lipids 0.83 25 
Nucleic Acids 0,22 7 
















*Controls incubated (37°C) in Dulbecco's buffered 
saline plus lmM glucose; DSP cells incubated in 
buffer-K plus lmM glucose, lmM NAD+, 2mM ATP . 
Controls showed 16% trypan blue positive cells 
and DSP cells, 97% . 
controls (incubated in Dulbecco's phosphate 
buffered saline, DBS, plus 5 mM glucose). The 
principal conclusion drawn from these data is 
that DSP cells show an appreciable ability to 
metabolize glucose, the negligible incorporation 
into nucleic acid and protein being the result 
of inadequate precursor pools (unpublished 
results) . We have concentrated on the study of 
glycolysis because of the general belief that 
most of the enzymes of this pathway are 
"soluble", and the pathway governed by free 
diffusion of intermediates and metabolic 
regulators. 
Table 2 summarizes a study of lactic acid 
(I.A) production and protein content in control 
and DSP cells. LA production in DSP cells 
exceeds that of controls. That may result from 
a variety of causes, the one we suspect to be of 
intermediates are free to diffuse they should 
exit the cell on the order of tens of 
milliseconds (see Clegg, 1984) into the huge 
sink of the incubation medium . It is difficult 
co argue convincingly that these intermediates 
(if diffusing) could not be captured by their 
enzymes before they exit the cell, buc I feel 
that is not very likely (see Ottaway and 
Mowbray, 1977), notably since it would require 
the effective "loss" of only one of the eleven 
intermediates to halt the entire pathway. 
Figure 2 illustrates additional features of 
glycolysis in DSP cells. The rate of I.A 
production is quite sensitive to pH, being 
almost linear between pH 6.5 - 8.2 (Fig. 2A). 
Since pH was usually adjusted with KOH we 
examined the effect of K+ concentration, 
observing that it had negligible effect. Table 
3 show s that these pH effects are largely 
Table 3. Reversal of pH Effect on Lactic Acid 
(I.A) Production by Dextran Sulfate Permeabilized 
L-929 Cells . 
I.A Production 
Initial (nmoles,'mg 12rotein,'30 min. 2 
12.l! At Initial 12H After Return to QH 7.4 
6.5 19 (15%) 96 (78%) 
7 . 4 125 124 
8 , 1 226 (181%) 128 (103%) 
After incubation (30 min . ) at initial pH the 
cells were centrifuged and resuspended in 
buffer-K pH 7.4 for an additional incubation of 
30 min. in all cases. Percentages in bra c kets 
are relative to Che rate at pH 7.4 . 
reversible. In that case the results are 
expressed on a mg cell protein basis because 
Table 2. Lactic Acid (LA) Production and Protein Content of Control 
and Dextran Sulfate Permeabilized (DSP) L-929 Cells . 
Protein (mg,'10 6 cells} LA (nmolesL'.10
6 cells) 
Minutes Incubator Controls DSP Cells Controls DSP Cells 
0 0.47 0.41 0 0 
10 0.50 0 . 38 11 30 
20 0 . 42 0 . 35 25 56 
30 0 . 40 0.33 38 84 
Conditions the same as Table 1 except 5 mM glucose was used . 
prime importance is the rate limiting transport 
of glucose in control cells. Some protein is 
lost from both cell populations during the 30 
minute incubation period, the DSP cells losing 
slightly more. That result indicates that the 
glycolytic activity we measure is occurring 
within the DSP cells . The data in Table 2 
would not be expected if glycolysis occurred in 
a well mixed solution with free diffusion of 
intermediates in DSP cells. That is so because 
we know the cells will allow molecules larger 
than those intermediates (NAD+, ATP and others) 
to freely cross the cell surface; thus, if 
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some cells were lost during centrifugation to 
remove the medium and add buffer-K of different pH. 
Figure 2B shows the linearity of I.A 
production over a 10 fold difference in cell 
population density. That result lends further 
support to the conclusion that the pathway we 
sample is operating within the cells: if the 
intermediates of the pathway had to be 
accumulated co effective concentrations within 
the volume of the medium we would expect an 
increase in the rate of I.A production with 




not expect the linear initial rates of LA 
production that we observe. 
The system responds to glycolytic 
intermediates which are also probable regulators 
of this pathway. One example, 3-phosphoglyceric 
acid (PGA) will be considered here (Fig. 2C). 
Concentrations of PGA above 0.1 mM cause 
significant inhibition, showing that this 
intermediate can exert an effect when supplied 
















t ron Photomicrographs of PtKz 
cell. A magnified region of the 
cytoplasm from the cell (in A) 
is shown in B. These photo--
graphs were generously provided 
by K.R. Porter (see Porter and 
Anderson, 1982 for complete de-
tails). The numbers on bars 
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Figure 2. Lactic Acid (LA) Production by 
Dextran Sulfate Permeabil~zed L-929 cells . 
Rates are in nmoles LA/10 cells/30 min . A 
describes the effects of pH and K+ 
concentration, B shows the kinetics at cell 
population densities over the range shown and 
C describes the loss of cell protein (P) and 
rate of LA production in the presence of 3-
phosphoglyceric acid (3-PGA) in units of mM. 
from the outside. Such a result suggests 
access to the target enzyme occurs within 
segment of the pathway. We examined that 
further by comparing the sygcific activity 
lactic acid produced froT
2 
C-U-glucose in 





The results of that study (Table 4) 
indicate that 3-PGA does indeed dilute 
radioactivity in LA originating from glucose. 
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Table 4. Specific fgtivity (Sp. Act.) of lactic 
acid produced from C-U-glucose by dextran 
sulfate permeabi 1ized L cells in the presence and absence of C-3-phosphoglyceric acid 
(3-PGA) 
Lactic Acid Sp.Act. 
(cpm I nmole) 
Glucose So Act 
Conditions 1 (cpm / nm~le) .Expected 2 Observed UQ 
14 c-U-glucose 58,200 29,100 24,800 1.17 
58,200 29,100 9,900 2.94 
1 
2 
Glucose and PGA, when present, were at 5rnM 
final concentration. 
"Expected" fffers to no dilution from sources 
other than -U-glucose. 
We used a very high, and blatantly non-
physiological concentration of 3-PGA in that 
study (5 mM) to maximize the dilution effect: 
physiological levels are about 100 fold lower. 
In spite of that, the dilution of LA 
radioactivity by 3-PGA coming from the medium 
is much less than would be expected if this 3-
PGA could freely mix with that coming from 14 c-
U-glucose (see Mowbray and Moses, 1976). When 
physiological concentrations of 3-PGA are used 
(0.lmM) little if any dilution of LA is 
observed. 
It seems reasonable to conclude that the 
glycolytic pathway of the DSP L cell is indeed 
highly organized, and not operating by mass-
action interactions of the participants in a 
well mixed solution. 
These studies do not tell us anything about 
associations of glycolytic complexes with cell 
architecture: the results could be explained by 
effective pore sizes in the plasma membranes of 
DSP cells that are too small to allow the escape 
~~o~l~l~~o~~~~~ ~~;p~e~olh~=~t:~;e~~~~rr::~~~;, 
30 nm in diameter (Mowbray and Moses, 1976). 
We have carried out volume of distribution 
studies using 14 c-labelled proteins, of up to 
100,000 molecular weight, which show that they 
do distribute in the entire water space of DSP 
cells, indicating that they do not encounter a 
permeability barrier (unpublished results) . The 
use of fluorescein isothiocyanate-conjugated 
(FITC) dextrans of even larger size supports 
that result (Table 5) . We suppose that the 
fluorescence associated with control cells after 
pelleting through oil is that associated with 
the thin film of medium that accompanies them 
through the oil, plus that which penetrates 
those cells a l lowing trypan blue to enter (a 
rather large percentage in this particular 
study). However, the FITC dextran content of 
DSP cells is much greater than controls, being 
6-7 fold higher for the higher molecular weight 
dextran (Table 5). 
Finally, our as yet unpublished light and 
electron microscopy observations show that very 
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Table 5. Fluorescence Associated with L-929 
Cells Centrifuged Through Oil After Incubation 
With Fluorescein Isothyocyanate (FITC) Dextrans 
of Different Molecular Weight (MW) 
Fluorescence Units per 10 6 Cells 
Sample 4100 MW 56,000 MW 
Controls 1. 40 25 
2. 27 18 
DSP Cells 1. 119 144 
2. 119 124 
DSP/C 1. 3.0 5 . 8 
2 . 4.4 6.9 
Controls (21% trypan blue, TB, positive) and 
Dextran Sulfate permeabilized (DSP) cells (89% 
TB positive) were exposed to FITC dextrans in 
buffer-K (see text) at concentrations of 0.5 
mg/ml for 10 minutes at 37°C and then 
centrifuged through silicone oil containing 10% 
(volume) cyclohexane. All pellets were digested 
with 1% triton at 37°c for 30 minutes and 
fluorescence measured in a Gilford Fluoro IV 
spectrofluormeter (excitation at 489 nm, 
emission at 520 µm). All fluoresence units are 
percentages of standard FITC Dextran solutions 
of 0 . 001 mg/ml concentration. 
large membrane lesions occur in at least a 
large proportion of cells permeabilized by DS. 
Thus, we consider it likely that the effective 
pore size in DSP cell plasma membranes is large 
enough to allow a complex of all the glycolytic 
enzymes to escape, were it free to diffuse. 
Because the complex does not escape, that result 
suggests it must be associated with cytoplasmic 
architecture. 
Water and the Aqueous Cytoplasm 
This is not a suitable forum for an 
extensive examination of the somewhat 
controversial matter of the physical properties 
of cell water. It will be noted, however, that 
opinions differ to the maximum possible extent: 
that practically all, or none of it differs from 
the water in ordinary dilute aqueous solutions. 
All sides are represented in a number of books 
on the subject (Keith, 1979; Drost-Hansen and 
Clegg, 1979; Franks and Mathias, 1982; Ling, 
1984; Pullman et al . 1985; Welch and Clegg, 
1987) . Here I will only point out a few 
features of cytoplasmic organization that might 
be of significance in this regard, adopting the 
image discussed above . 
Perhaps the first point to be made from the 
foregoing distillation of evidence is that the 
aqueous cytoplasm does indeed appear to be a 
dilute solution. As a result, it seems 
paradoxical that evidence for altered cell water 
properties (and, therefore, water structure) has 
been obtained in a number of laboratories (see 
books cited above). By way of accounting for 
that paradox it is important to recognize that 
although the aqueous cytoplasm is dilute, it is 
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also permeated with an extraordinary surface 
area, and a very large surface area to volume 
ratio. These parameters have been estimated by 
Gershon et al. (1985) using digitized electron 
photo micrographs (HVEM) and an Evans and 
Sutherland video frame buffer. Using these data 
it has been estimated that a monolayer of water 
deposited on the MTL alone would consume about 
3% of the total cytoplasmic water (see Clegg, 
1984; 1987c). 
A key question here concerns the distance 
over which this surface area will influence the 
properties of the adjacent aqueous phase. We do 
not know the specific case for MTL-water 
interactions. But if we consider results from 
surface and colloid chemistry it is possible 
that effective distances of the order of 5 nm 
from the surface could be involved (see several 
articles in Franks and Mathias, 1982; and papers 
by Parsegian and Rau, 1984; Pashley & 
Israelachvilli, 1984; Evans and Ninham, 1986). 
In that case we are considering roughly 17 
monolayers of water, extending from the surface 
whose properties might be significantly 
perturbed. It has been estimated that this 
would involve over 50 percent of the total 
cytoplasmic water (Clegg, 1984). Consequ e ntly, 
there seems to be some basis for the 
experimental observations that indicate the 
presence of large proportions of intracellular 
water which exhibit unusual physical and 
chemical properties compared to those of 
ordinary dilute aqueous solutions. 
Concluding Comments 
The solution description of cytoplasmic 
organization is in serious conflict with a larg e 
body of experimental evidence, which continu e s 
to grow rapidly. In my opinion that description 
should be completely abandoned in favor of one 
in which the vast majority of the total 
macromolecular complement of the cytoplasm is 
not only viewed as well organized and controlled 
by the cell, but likely to be critical to 
metabolic regulation, cytoplasmic 
ultrastructural inheritance (Penman et al. 1981; 
Fey and Penman, 1987) and virtually all that 
goes on in the cytoplasm. A similar case can 
easily be made for the nucleus (see Nelson et 
al. 1986) and cytoplasmic membran e bound 
organelles such as the mitochondrion (see 
Garlid, 1979; Srere, 1987) . Although the 
reductionist approach has brought us a long way, 
and will continue to be a useful adjunct to the 
study of cells in terms of their component 
parts, it is of doubtful value in understanding 
the issues described in this paper. We must pay 
more attention to the fact that even the most 
gentle homogenization procedure constitutes 
"cataclysmic violence" in terms of the delicate 
fabric of the intact cell (Mcconkey, 1982). 
I hasten to recognize that the position 
taken in this paper is neither entirely original 
nor completely unique: many others share this 
general position and at least some of these 
investigators are listed in the references given 
here . I believe most of them would agree with 
Ureta and Radojkovic (1985) who sum up nicely 
the necessity to adopt the holistic approach: 
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"Nowadays there is really no excuse for 
someone trying to understand what goes on inside 
a living cell and yet continuing to tear it 
apart at the beginning of the experiment . " 
A very similar l ine of reasoning can be 
developed when considering the issue of the 
properties and roles of intracellular water. As 
Szent-Gyorgyi (1971) observed: "Biology has 
forgotten water, or never discovered it". That 
neglect is still widespread, presumably because 
it is commonly taken as a matter of course that 
intracellular water is basically the same as the 
pure liquid. By way of illustrating this point 
we may note that even the widely read and well 
respected Scientific American devoted an entire 
issue (October, 1985) to "The Molecules of 
Life": not one of the 11 excellent articles was 
devoted to either cell water or the aqueous 
intracellular compartments. 
I have drawn heavily here upon the visual 
image of cellular organization presented by 
Porter and his colleagues. While I am certainly 
mindful of the fact that this portrayal of the 
animal cell is static, and not likely to be a 
completely reliable description, I believe it is 
th e best visual representation that we have at 
the present time. Even as an approximation, 
that description suggests we may expect the 
emergence of new and exciting insights into the 
structure and function of cells if we will 
direct our attention to them, and not only their 
isolated components. 
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Discussion with Reviewers 
C.F. Hazlewood: Please comment as to how/why 
your buffer was chosen. Was the 16% cell death 
(in 30 minutes incubation) due to the high 
potassium concentration? It is known (Giles, G. 
and Lowery, P.J . , Endocrinology 103:521-527, 
1978) that 50 mM K+ causes the release of 
intracellular proteins. 
Author: Everyone working on permeabilized cells 
has a problem with the incubation buffer: we 
don't know what it should be since we lack vital 
information on the precise nature of the aqueous 
intracellular environment (a major theme of this 
symposium, by the way). We've tried a number of 
vari a tions -- our current incubation buffer is 
simply the one that works best. Cell death 
could be due, I suppose, to high external K+ --
we simply don't know. 
C.F. Hazelwood: Can the 16% dead cells (in the 
control) account for the enzyme activity in the 
non-dextran-treated zells? Please comment on 
the penetration of 1 C-U glucose (substrate) 
into the living, dead, and dextran permeabilzed 
cells. That is, is there any difference which 
can influence the final enzyme activity? 
Author: The answer to the first question is no: 
control cells incubated in buffer K do badly; 
the small percentage of them in DSP preparations 
contribute negligibly to the results. We deduce 
that glucose enters DSP cells on a time scale of 
milliseconds based on the metabolic data. I 
assume the controls show transport limited 
behavior, and know nothing about the dead ones. 
C.F. Hazlewood: How reliable is the protein 
content/cell - - would it be better to determine 
protein to DNA ratio? 
Author: Our errors in cell counting are about 
10%, and in protein content about 2%. I believe 
the use of DNA as a base line would be 
acceptable, but we used protein. 
C.F. Hazlewood: Do you suspect that the 
glycolytic enzyme complexes are equally active 
when attached to the cytoskeleton and when 
released from the cytoskeleton? 
Author: Excellent question . While we have no 
J.S. Clegg 
direct answer at present our data (and others) 
certainly indicate substantial differences 
exist. One example comes from Brij-58 extracts 
of control or DSP L cells centrifuged at 
105,000g for 60 minutes : these do carry out 
glycolysis (glucose, ATP and NAD+ added), but 
the kinetics and response to added glycoytic 
intermediates are far different than the 
behavior of "intact" DSP cells. 
J. J. Wolosewick: Could you summarize areas of 
research on cell water that you feel would be 
most promising on the matter of cel l water and 
intracellular organization? 
Author: An essay of some length wou ld be 
required to respond adequately to your question, 
which comes to the heart of the matter. I 
believe a prime issue at present involves the 
proportion of cell water which exhibits 
properties unlike those of dilute solutions: 
much current thought about cell physiology 
assumes that proportion is small -- if it's not, 
then the thinking mus t change. I also feel that 
as many different techniques as possible should 
be applied, since one sees different 
"proportions" with different techniques. The 
problem is truly formidable. 
I.L. Cameron : If an actin filament is the 
backbone of the cytoskeleton in your 
permeabilized cells then one might expect that 
its disruption by cytochalasin might allow the 
glycolytic enzymes to escape to the 
extracellular environment. Do they escape from 
the permeabilized cells upon treatment with 
cytochalasin? 
Author: We have briefly examined the effects of 
cytocha l asins on DSP cells, with confusing 
results: sometimes it has no effect at all (on 
glycolysis and protein efflux) while this drug 
can be strongly inhibitory to glycolysis and 
cause massi ve protein loss at other times. 
We've used cytochalasin concentrations up to 
10 µg/ml. We must examine this in more detail . 
I.L. Cameron: Before asking the question let me 
mention some background observations. Both Ris 
(38th Ann. Proc. EMSA, ed. G.W. Bailey, Claitor's 
Publishing Division, Baton Rouge, La. pp. 812-
813, 1980) and Wolosewick and Porter (J. Cell 
Biol. 82, 114-139, 1979) have addressed the 
question of the nascent structural state of 
cytoplasm in nonextracted whole-mounts of cell 
with high-voltage electron microscop y. Ris 
proposes that the microtrabecular lattice is an 
artifact that forms when the specimens are 
critical-point-dried without removing all of the 
water from the cells or from the carbon dioxide 
which is used in the preparative procedures . 
Borrelli et al. (J. Ultrastructure Res. 91, 57-
65, 1985) also found that failure to remove 
residual water from the dehydrating solutions 
and the carbon dioxide used in the critical-
point-drying step of specimen preparation 
produced a microtrabecular lattice like 
structure in detergent extracted baby hamster 
kidney cells. Borrelli reports that removal of 
residual water during specimen preparation 
resulted in a network of fibers of 6, 12 and 24 
nm diameter with little if any evidence of the 
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microtrabecular lattice. How do you respond to 
these criticisms of the existence of a 
microtrabecular lattice in cells? 
Author: I'v e addressed this valid point in my 
paper at some length. Microscopy of dead cells, 
treated various ways is, of course, inexorably 
linked to the possibility of artifact and the 
MTL should be questioned on those grounds . But 
one must recognize also that completely 
independent studies on intact living cells using 
spin probes (ESR), and FRAP to evaluate 
intracellular motion of isothiocyanate-labelled 
dextrans and ficoll beads, strongly support the 
MTL images. My opinion is that the static HVEM 
images are probably not precise, but are the 
best approximations we have at present to 
account for the foregoing (and other) studies on 
intact cells. I believe that if one is willing 
to wade through the voluminous literature on 
this question the evidence is overwhelming that 
somet hing like the MTL does indeed exist in 
animal cells. 
I.L. Cameron : As you point out, Gershon et al. 
(1985) have calculated the surface area of the 
microtrabecular lattice (MTL). Using their data 
you estimate that a monolayer of water deposited 
on the surface would consume about 3% of the 
total cytoplasmic water and that 17 monolayers 
of water out from the MTL surface would involve 
half of the cytoplasmic water. I s ugg est that 
half of the water in the cell might be accounted 
for by assuming that microtrabecular proteins 
are mostly in a globular state in the livin g 
cell. I calculate that cytoplasm with mostly 
globular proteins of average molecular weight 
would increase surface area to the extent that 
50% of the cell's water (about 140 g water/100 g 
dry weight) could be accounted for in but 2-3 
monolayers. What specific evidence is there 
that water on proteins perturbs water beyond 
three monolayers in vitro or in vivo? 
Author : I take your point Ivan, and suggest 
that both our "calculations" involve a 
frightening amount of uncertainty -- "crude 
approximation" is, perhaps, too kind for these 
exercises. Perhaps we should stop calculating 
in favor of experimenting. As for your last 
question: I know of no specific evidence on 
that point, if you refer to discrete, individual 
globular proteins. 
